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Introduction
Hematopoiesis is a complex, dynamic and carefully orchestrated series of events involving self-renewal and differentiation of primitive pluripotent stem cells. 1 Differentiation of common myeloid progenitors (CMP) generates cells of both the granulocyte/macrophage lineage, leading to the formation of granulocytes, monocytes and macrophages, as well as the megakaryocyte/erythroid lineage, leading to the formation of megakaryocytes, platelets and erythrocytes. 2, 3 Dysregulation of hematopoietic differentiation can result in the development of a variety of pathological conditions ranging from aplasia of the bone marrow to aberrant differentiation of myeloid progenitors in diseases such as myelodysplastic syndromes and leukemia. 4 This process is tightly regulated by signal transduction pathways and transcriptional networks that alter gene expression. In recent years several distinct epigenetic regulatory networks that affect DNA methylation, post-translational histone modifications and alterations in microRNA expression have been identified. 5, 6 Many malignancies are characterized by such epigenetic modifications, which include alterations in cellular acetylation and methylation profiles. [7] [8] [9] Abnormal activity of histone acetyltransferases and histone deacetylases (HDAC) leads to transcriptional dysregulation of key genes involved in the control of cell-cycle progression, differentiation and apoptosis. 10 For acute promyelocytic leukemia, abnormal recruitment of HDAC by PML-RAR is a key pathogenetic mechanism, and differentiation therapy for this form of leukemia disrupts HDAC-induced repression of retinoic acid target genes. [11] [12] [13] Moreover, distinct histone modifications, such as the loss of monoacetylated and trimethylated forms of histone 4 (H4) have been found in a large number of tumors. 7 These findings have led to a dramatic increase in the number of studies focusing on the use of chromatin-modulating drugs, including HDAC inhibitors, for the treatment of malignancies. 14, 15 Treatment of cells with HDAC inhibitors can, to a variable extent, induce growth arrest, differentiation and apoptosis both in vitro and in vivo by modulation of both transcription-dependent and transcription-independent mechanisms. cDNA microarray studies have revealed that broad specificity HDAC inhibitors can alter the expression levels of 7-10% of all genes. [16] [17] [18] [19] [20] However recent studies have suggested that the primary activity of HDAC may also be directed towards non-histone substrates, of which more than 1700 proteins have been identified to date. 21, 22 These non-histone proteins include transcription factors, such as GATA-1, p53 and STAT-3, but also structural and chaperone proteins such as HSP90. 23 Valproic acid (VPA), a short chain fatty acid and potent class I/IIa HDAC inhibitor, has been extensively studied in preclinical and clinical trials involving hematologic malignancies. 24, 25 Studies in patients with advanced myeloid leukemia and myelodysplastic syndromes have shown that treatment with VPA, as monotherapy or in combination with retinoic acid, results in a reduction of malignant blast cells and hematologic improvement. [26] [27] [28] In addition, in an ex vivo model of acute leukemia, it has been demonstrated that VPA has the potential to relieve transcriptional repression resulting in cellular differentiation of leukemic blast cells. 29 While the clinical use of HDAC inhibitors for the treatment of hematologic malignancies is rapidly increasing, surprisingly little is known about the specific effects of different HDAC inhibitors and their molecular targets in normal hematopoietic cells.
In this study, we investigated the effects of three different HDAC inhibitors on myeloid development.
Design and Methods

Isolation and culture of human CD34 + cells
The procedures used to isolate and culture human CD34 + cells are described in the Online Supplementary Appendix.
Measurement of apoptosis
Cells were harvested at the indicated time points and washed with phosphate-buffered saline (PBS). Samples were subsequently incubated for 15 min with annexin V-fluorescein isothiocyanate (Bender MedSystems, Vienna, Austria) in binding buffer [10 mmol/L HEPES-NaOH (pH 7.4), 150 mmol/L NaCl, 2.5 mmol/L CaCl2] before being washed and resuspended in binding buffer containing 1 μg/mL propidium iodide (Bender MedSystems). Percentages of early apoptotic (annexin V-positive, propidium iodide-negative) and late apoptotic (annexin V-and propidium iodide-positive) cells were determined by FACS analysis (FACS Canto, Becton Dickinson, Alphen a/d Rijn, the Netherlands).
Histochemical staining of hematopoietic cells
May-Grünwald Giemsa staining was used to analyze myeloid differentiation. Cytospins were prepared from 5.0¥10
4 differentiating granulocytes and were fixed in methanol for 3 min. After fixation, cytospins were stained in a 50% eosin methylene blue solution according to May-Grünwald (Sigma Aldrich, Seelze, Germany) for 15 min, rinsed in water for 5 s, and nuclei were counterstained with 10% Giemsa solution (Merck kGaA, Darmstadt, Germany) for 20 min. Neutrophil differentiation occurs through distinct stages from myeloblasts, promyelocytes I, promyelocytes II, myelocytes and metamyelocytes towards neutrophils with banded or segmented nuclei. Mature neutrophils were characterized as cells containing either banded or segmented nuclei. Micrographs were acquired, after staining with MayGrünwald Giemsa solution, with an Axiostar plus microscope (Carl Zeiss, Sliedrecht, the Netherlands) fitted with an 100x/1.3 NA EC Plan Neofluor oil objective using Immersol 518F oil (Carl Zeiss), a Canon Powershot G5 camera (Canon Nederland, Hoofddorp, the Netherlands), and Canon Zoombrowser EX image acquisition software. Photoshop CS3 was used for image processing (Adobe Systems Benelux, Amsterdam, the Netherlands)
Lactoferrin staining
CD34
+ cells were cultured in the presence of granulocyte colony-stimulating factor (G-CSF) to induce neutrophil differentiation. After 17 days of differentiation, cells were fixed in 100 μL 0.5% formaldehyde for 15 min at 37°C, after which the cells were permeabilized in 900 μL of ice-cold methanol for 30 min on ice. Cells were subsequently washed with PBS, resuspended with phycoerythrin (PE)-conjugated lactoferrin antibody (Immunotech, Marseille, France) and incubated for 25 min. Cells were then washed again and FACS analysis was performed (FACS Canto, Becton Dickinson).
Western blot analysis
Western blot analysis was performed using standard techniques. In brief, differentiating CD34 + progenitors were lysed in Laemmli buffer [0.12 mol/L Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 0.05 μg/μL bromophenol blue, and 35 mmol/L β-mercaptoethanol], sonicated, and boiled for 5 min. Equal amounts of total lysate were analyzed by 15% sodium dodecylsulfate polyacrylamide gel electrophoresis. Proteins were transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA,
The effects of HDAC inhibitors on myeloid development haematologica | 2010; 95 (7)USA), incubated with blocking buffer (Tris buffered saline/Tween 20) containing 5% low-fat milk for 1 h at room temperature before incubation with antibodies against either acetyl-histone 4 (lysine 16), acetyl-histone 3 (lysine 9) (Millipore, Billerica, MA, USA), acetyl-lysine (Cell Signaling Technology, Danvers, MA, USA), H3 (Millipore, Billerica, MA, USA) or an antibody against tubulin (Sigma-Aldrich, Zwijndrecht, the Netherlands) overnight at 4°C in a buffer containing Tris buffered saline/Tween 20 with 5% bovine serum albumin (BSA) (Sigma-Aldrich, Zwijndrecht, the Netherlands). Blots were subsequently incubated with peroxidaseconjugated secondary antibodies (Dako, Glostrup, Denmark) for 1 h at room temperature. Chemiluminescence was used as a detection method according to the protocol of the manufacturer (Amersham Pharmacia, Amersham, UK).
Flowcytometric analysis of myeloid progenitor cells
CD34
+ cells, isolated from umbilical cord blood, were cultured in the presence of G-CSF to induce neutrophil differentiation as described above. After 3, 7 and 10 days of differentiation, cells were washed and resuspended in PBS/5% FCS (Hyclone) and subsequently incubated for 30 min on ice with a PE-conjugated CD34 antibody (Becton Dickinson). After incubation, cells were again washed and the percentage of CD34 + cells was determined by FACS analysis (FACS Canto, Becton Dickinson).
Hematopoietic progenitor populations were characterized as described by Manz et al. 30 and as described in the Online Supplementary Appendix.
Colony-forming unit assay
Five hundred CD34 + cells were plated in Iscove's modified Dulbecco's medium (Gibco) supplemented with 35.3% FCS (Hyclone), 44.4% methylcellulose-based medium called Methocult (StemCell Technologies, Vancouver, Canada), 11.1 μmol/L of β-mercaptoethanol, 2.2 u/mL of penicillin, 2.2 μg/mL of streptomycin, and 0.44 mmol/L of glutamine. Colony-forming unit (CFU) assays were performed in the presence of SCF (50 ng/mL), FLT-3 ligand (50 ng/mL), GM-CSF (0.1 nmol/L), IL-3 (0.1 nmol/L), G-CSF (60 ng/mL) and erythropoietin (EPO) (6 IE/mL). Single doses of the HDAC inhibitors trichostatin A (TSA), sodium butyrate (SB) and VPA were added to the medium. CFU-GM (granulocyte/macrophage) and CFU-E (erythrocyte) colonies were scored after 11 days of culture.
Statistics
A one-way ANOVA followed by a Dunnett's multiple comparison test was performed to compare the differences between the control and HDAC inhibitor-treated cells in all experiments. A P value of 0.05 or less was considered statistically significant.
Results
Histone deacetylase inhibitors have differential effects on CD34 + progenitor proliferation and viability
As previously discussed, little is currently known concerning the effects of HDAC inhibition on the normal hematopoietic compartment. In particular, the effects of HDAC inhibitor treatment on myeloid progenitor cell functionality have not been well characterized. To determine the effect of HDAC inhibition on human CD34 + hematopoietic progenitor functionality, umbilical cord blood-derived CD34 + hematopoietic progenitors were cultured in the presence of G-CSF to induce neutrophil differentiation. Cells were cultured in the absence or presence of increasing concentrations of TSA, SB and VPA, and proliferation and survival were analysed. TSA treatment modestly reduced progenitor proliferation in a concentration-dependent manner ( Figure 1A ), and this was not accompanied by decreased cell survival ( Figure 1B ). Moreover these effects were not associated with an up-regulation of p21 cip1 expression (Online Supplementary Figure S1 ). Addition of SB to CD34 + cultures resulted in a significant reduction of progenitor expansion, which was accompanied by increased apoptosis ( Figure 1C-D) . While 100 μM VPA significantly increased progenitor proliferation, addition of 500μM VPA resulted in decreased proliferation and a significant increase in the percentage of apoptotic cells ( Figure 1E-F ). These data demonstrate concentration-dependent, HDAC inhibitor-specific effects on CD34 + progenitor expansion during neutrophil development. To further analyze the effects of HDAC inhibition on CD34 + progenitors specifically, cells were cultured as previously described and both the percentage and absolute number of CD34 + cells were determined. Addition of 25 nM TSA resulted in a small but significant increase in the percentage of CD34 + cells at day 3, which was no longer apparent at day 7 (P=0.063) (Figure 2A ), and was not accompanied by an increase in absolute cell numbers ( Figure 2B ). Addition of SB to cultures resulted in no significant changes in the percentage or absolute numbers of CD34 + progenitors at any time point (Figure 2A ,B). Since we previously observed a significant increase in apoptosis after SB treatment of differentiating progenitors ( Figure 1D ), this suggests that the CD34 -cell population is more susceptible to SB-induced apoptosis than the CD34 + one. To investigate this, we analyzed apoptosis at day 7 in CD34 + and CD34 -cells treated with SB, and found that, while the basal level of apoptosis is higher in CD34 -cells, the fold increase in the percentage of apoptotic cells was similar in both populations (Online Supplementary Figure  S2A,B) . In contrast, treatment with 200-500 μM VPA resulted in significant increases in the percentage and absolute number of CD34 + progenitors in a concentration-dependent manner (Figure 2A,B) . This effect was particularly clear at the later time points suggesting that VPA is capable of inducing expansion of CD34 + progenitors that then retain their undifferentiated phenotype. Taken together, these data demonstrate that TSA, SB and VPA differentially affect CD34 + progenitors, and that VPA, uniquely, can induce CD34 + progenitor proliferation in a concentration-dependent manner.
Sodium butyrate and valproic acid inhibit the transition from common myeloid progenitor to granulocyte/macrophage progenitor
To determine the effect of HDAC inhibition on distinct myeloid progenitor populations within the CD34 + compartment, we analyzed progenitor populations as previously described by Manz et al. 30 Based on the expression of CD123 and CD45RA, myeloid progenitors can be divided into CMP (CD123 + CD45RA -), GMP (CD123 + /CD45RA + ) and MEP (CD123 -CD45RA -). In addition to the effect on the percentage of CD34 + progenitors early in neutrophil development (Figure 2A ), we observed no effects of treatment with TSA on the percentage of CMP ( Figure 3A,B) . However, at day 3, the percentage of GMP was decreased, and this was accompanied by an increase in the percentage of MEP. This effect was not observed at day 7, suggesting a temporary block of CMP differentiation into GMP ( Figure 3C-F) . Treatment with SB significantly increased the percentage of CMP at day 7 ( Figure 3B ), and this was accompanied by a corresponding decrease in the percentage of GMP ( Figure 3D ). This suggests that SB inhibits the differentiation of CMP towards the GMP lineage. Finally, in addition to its effects on CD34 + progenitor expansion (Figure 2 ), VPA produced a concentration-dependent increase in the percentage of CMP at day 7 ( Figure 3B ), accompanied by a significant, concentration-dependent inhibition of the percentage of GMP ( Figure 3D ). At day 10 we observed no differences in the percentages of CMP and GMP (Online Supplementary Figure S3A) after treatment with any of the three HDAC inhibitors. This suggests that progenitor cells treated with SB or VPA had either differentiated or, alternatively, become apoptotic. In addition we observed a significant increase in the percentage of Lin -
CD34
-cells in the cultures treated with 500 μM SB (Online Supplementary Figure  S3B) , suggesting that part of the CD34 + progenitor population differentiated. Unexpectedly, in the absence of EPO and TPO, all HDAC inhibitors increased the percentage of CD123 -
CD45RA
-progenitors at day 3 ( Figure 3E ). Since we observed no significant differences in the numbers of CD34 + cells at day 3 ( Figure 2B ), this suggest that HDAC inhibition increases the number of MEP, with this increase being most prominent after addition of 25 nM TSA and 500 μM VPA. This effect was absent at day 7 ( Figure 3F ), except when 500 μM VPA were added, suggesting a limited effect on immature non-committed progenitors. In addition we observed no effect of HDAC inhibitor treatment on the percentage of MEP within the CD34 + cell population at day 10, indicating that the effect of VPA treatment on CMP differentiation towards MEP was limited (Online Supplementary Figure S3C) . Taken together, our data demonstrate that specific HDAC inhibitors modulate differently both the composition and the differentiation mode of the CD34 + progenitor compartment.
Sodium butyrate and valproic acid treatment inhibits granulocyte/macrophage-colony formation
To investigate the effect of HDAC inhibition on colonyforming potential and lineage commitment of CD34 + progenitors, we utilized a semisolid culture system. CD34 + cells
were cultured in the presence of a cytokine cocktail including G-CSF and EPO to stimulate production of both granulocyte/macrophage and erythroid colonies. Addition of all HDAC inhibitors resulted in a concentration-dependent reduction in the total number of colonies ( Figure 4A ). In agreement with the progenitor analysis (Figure 3 ), this suggests that the differentiation of CD34 + progenitors is inhibited in the presence of HDAC inhibitors. Compared to TSAand VPA-treated progenitor colonies, SB-treated progenitor colonies appeared less differentiated and smaller ( Figure 4B ). This is in agreement with our previous data showing inhibition of proliferation in liquid culture (Figure 1) . Treatment with all three HDAC inhibitors resulted in an increase in the percentage of GM-colonies ( Figure 4C ) and concentrationdependent decreases in the percentage of erythroid colonies ( Figure 4D ), which were primarily responsible for the decrease in the total number of CFU ( Figure 4A ). Taken together with the data from the progenitor analysis ( Figure  3 ), this suggests that after HDAC inhibition, CMP and GMP still have the potential to differentiate towards the GM-lineage, while further differentiation of MEP towards the erythroid lineage is inhibited.
Histone deacetylase inhibitors have differential effects on terminal neutrophil differentiation
To determine the effect of HDAC inhibition on terminal neutrophil differentiation, CD34 + progenitors were cultured for 17 days in the presence of G-CSF. Neutrophil differentiation was determined based on both cytospin analysis and lactoferrin staining, a protein expressed in secondary granules from the myelocytic stage of neutrophil development. Terminally differentiated neutrophils were characterized as cells containing either banded or segmented nuclei ( Figure  5A , see also Design and Methods). Treatment with 5 nM TSA had no effect on either the percentage or the absolute number of mature neutrophils ( Figure 5B ), but we observed increased segmentation at day 17 ( Figure 5A left panel, indi- The effects of HDAC inhibitors on myeloid development haematologica | 2010; 95 (7) 1055 Figure 1 . HDAC inhibitors differentially modulate myeloid progenitor proliferation and viability. CD34 + cells were cultured in the presence of G-CSF for 17 days to induce neutrophil differentiation. Cells were cultured either in the absence or presence of TSA (5-25 nM) (A-B), SB (100-500 μM) (C-D) or VPA (100-500 μM) (E-F). Proliferation was determined by counting the tryphan blue-negative cell population and data are expressed as fold expansion (A,C,E) (n=4). Apoptosis was determined by annexin-V/propidium iodide staining at days 3, 7 and 10 of differentiation. cated by arrow). Addition of 25 nM TSA resulted in a modest decrease in the number of mature neutrophils ( Figure  5B ), which can be explained by reduced progenitor proliferation ( Figure 1A) . Analysis of lactoferrin expression revealed no effect of TSA treatment ( Figure 5C ), suggesting that neutrophil differentiation was not inhibited. Treatment with SB impaired neutrophil differentiation in a concentrationdependent manner, resulting in neutrophils with dysplastic features ( Figure 5A , indicated by arrows), increased numbers of morphologically apoptotic cells, a relative increase in monocytic cells (data not shown) and a significant decrease in lactoferrin expression in cells treated with 500 μM SB ( Figure 5C ). Addition of 100 μM SB resulted in a slight decrease in the percentage of mature neutrophils ( Figure  5B ), which was accompanied by an increased percentage of metamyelocytes ( Figure 5D ) and no effect on lactoferrin expression ( Figure 5C ), suggesting that terminal neutrophil differentiation was unaffected. However, mature neutrophils showed delicate dysplastic features such as hypergranulation and ring-shaped nuclei ( Figure 5A left panel, indicated by arrows). Taken together, this suggests that treatment with SB impairs neutrophil differentiation both quantitatively and qualitatively. Addition of 100 μM VPA resulted in a modest decrease in the percentage of mature neutrophils ( Figure 5B ). This effect was accompanied by a slight increase in the absolute number of mature neutrophils, but a significant increase in the absolute number of metamyelocytes ( Figure 5D ). However, after addition of 500 μM VPA, we observed significant decreases in both the percentage and absolute number of mature neutrophils ( Figure  5B ), which were accompanied by an increase in immature precursors (data not shown) and a modest decrease in lactoferrin expression ( Figure 5C ). Since lactoferrin arises from the myelocytic stage of neutrophil differentiation, 31 this suggests a differentiation block at the (pro)myelocytic stage. Unlike cells treated with SB, these cells appeared morphologically normal ( Figure 5A , left panel).
Treatment with sodium butyrate and valproic acid leads to hyperacetylation of histones 3 and 4
To determine whether the observed differential effects of HDAC inhibitors on CD34 + progenitor expansion and neutrophil development were accompanied by differences in histone acetylation, we analyzed protein lysates prepared after 3 and 7 days of neutrophil differentiation. Treatment with TSA resulted in modest changes in total H3-acetylation ( Figure 6 ). In contrast, addition of SB or VPA resulted in a concentration-dependent hyperacetylation of both total H3 and total H4. We further analyzed the effects of HDAC inhibition on histone 3 lysine 9 (H3K9) and histone 4 lysine 16 (H4K16), whose acetylation has been implicated in the regulation of neutrophil development. 32, 33 While addition of TSA had no substantial effect on H3K9 or H4K16 acetylation, treatment with SB or VPA resulted in concentrationdependent increases in acetylation of H3K9 and H4K16. These data demonstrate that SB and VPA have similar, concentration-dependent effects on histone acetylation in early neutrophil development, while these effects are not observed after addition of TSA. Although SB and VPA have similar effects on histone acetylation, their effects on CD34 + progenitor expansion are distinct (Figures 1 and 2) , suggesting that these effects may be due to acetylation of non-histone proteins. To investigate this, we analyzed total protein acetylation of HDAC inhibitor-treated lysates after 7 days of differentiation, finding that HDAC inhibitor treatment does indeed result in differential effects on non-histone protein acetylation (Online Supplementary Figure S4 , indicated by arrows) haematologica | 2010; 95(7) Figure 2 . VPA treatment results in increased numbers of CD34 + hematopoietic progenitors. CD34 + cells were cultured in the presence of G-CSF to induce neutrophil differentiation. Cells were cultured in either the absence or presence of TSA (5-25 nM), SB (100-500 μM) or VPA (100-500 μM). At days 3, 7 and 10, FACS using a PE-labeled human-CD34 antibody measured CD34 + expression. Proliferation was determined by counting the tryphan blue-negative cell population. Data are expressed as percentage (A) and absolute numbers (x10 
Discussion
The use of chromatin-modulating drugs, such as HDAC inhibitors, for the treatment of hematologic malignancies has increased dramatically in recent years. 15, 34 Although these agents have been shown to improve hematologic outcome in patients with myelodysplastic syndromes and acute myeloid leukemia, [35] [36] [37] [38] little is known about their specific effects and molecular targets. In order to investigate these aspects, we utilized an ex vivo hematopoiesis culture system to study the effects of specific HDAC inhibitors on the proliferation and differentiation of human myeloid progenitors, focusing on neutrophil development. Our data demonstrate that TSA, SB and VPA, despite their large overlap in HDAC specificity, have differential effects on neutrophil progenitor proliferation. Moreover our data show distinct concentrationdependent effects. This was most clearly demonstrated by cells treated with VPA in which 100 μM significantly increased proliferation while 500 μM induced apoptosis of
The effects of HDAC inhibitors on myeloid development haematologica | 2010; 95(7) + cells were cultured in the presence of G-CSF and EPO for 11 days to induce CFU-GM and CFU-E. Cells were cultured in either the absence or presence of TSA (5-25 nM), SB (100-500 μM) or VPA (100-500 μM). Each plate was scored for granulocyte/macrophage colony-forming unit and erythroid burst/colony forming unit growth. Data are expressed as the number of total colonies (A) (n=5), photos were taken to demonstrate GM-colony size (B) and data are expressed as the percentage of granulocyte/macrophage colonies (C) and erythroid colonies (D) (n=4). Error bars represent SEM (between experiments) *P<0.05, **P<0.01. 
Number differentiating CD34 + progenitor cells ( Figure 1E,F) . In agreement with recent studies, we demonstrated that VPA stimulates expansion of CD34 + progenitor cells (Figure 2) . 39, 40 In addition, we showed that HDAC inhibitors have the potential to induce apoptosis in neutrophil progenitors (Figure 1 ). This is perhaps surprising since it has been previously suggested that untransformed cells are generally more resistant to HDAC inhibitor-induced cell death than transformed cells. 41, 42 Together, our data suggest specific effects of HDAC inhibition on distinctive progenitor subsets. Supporting this hypothesis, Wada et al. recently demonstrated differential expression of HDAC1-3 in distinct myeloid progenitor populations. 43 Importantly, while treatment of leukemic blast cells with HDAC inhibitors generally results in the induction of apoptosis, [44] [45] [46] Bug et al. demonstrated that numbers of a distinct CD34 + CD38
leukemic progenitor population increased after VPA treatment, resulting in stabilization of the leukemic stem cell compartment, 47 while Mahlknecht et al. showed that treatment with VPA mobilizes leukemic blast cells from the bone marrow compartment due to reduced VLA-4 expression. 48 We further investigated the effect of HDAC inhibition on progenitor differentiation using colonyforming assays and by analyzing progenitor populations during neutrophil development. In agreement with De Felice et al., 40 we demonstrated that VPA and SB have the potential to inhibit myeloid differentiation towards the granulocyte/macrophage lineage, illustrated by an increased percentage of CMP and corresponding decrease in the percentage of GMP (Figure 3 ). Since we observed no significant effects on the composition of the progenitor compartment after day 7 of neutrophil differentiation (Online Supplementary Figure S3) , this suggests that this effect of SB and VPA treatment is limited. In addition to the data on neutrophil progenitor differentiation, we found that specific HDAC inhibitors affect terminal neutrophil differentiation diversely. Interestingly, Skokowa et al. recently reported that nicotinamide, a functionally different, specific class III (sirtuin) HDAC inhibitor, stimulates neutrophil development in patients with congenital neutropenia and in healthy individuals. 49 Our data show that, while TSA treatment had no significant effects on neu-haematologica | 2010; 95(7) trophil differentiation, addition of SB impaired differentiation both qualitatively and quantitatively. Treatment with VPA resulted in specific concentration-dependent effects, suggesting that treatment with increasing concentrations finally leads to a differentiation block, in which precursors lose their potential to terminally differentiate ( Figure 5 ). Intriguingly, this inhibitory effect is in contrast to the effect on differentiation of leukemic precursors 29, 36 and together with other signs of dysmyelopoiesis, has also been described in patients who received long-term treatment with VPA for epilepsy. 50, 51 In general, the differential effects of HDAC inhibition described in normal hematopoietic progenitors and leukemic precursors may be partially due to distinctive HDAC expression profiles. 43, 52 The phenotypic effects on proliferation and differentiation observed after HDAC treatment cannot be explained by changes in histone acetylation alone ( Figure 6 ). For example, while both VPA and SB cause almost identical changes in histone acetylation, VPA treatment, unlike SB, results in CD34 + expansion. This suggests that these differential effects may be explained by effects on nonhistone protein targets (Online Supplementary Figure S4 ) of which to date more than 1700 have been defined. 21, 22 Myeloid development is tightly regulated by key transcription factors including PU.1, GATA-1 and C/EBPα 53, 54 and in recent years it has become clear that the expression and function of these key transcription factors is regulated by post-translational modifications, including acetylation. 5 It is tempting to speculate that the differential effects of HDAC inhibitors observed during CD34 + cultures are the direct effect of the acetylation of key regulators of myeloid differentiation. In summary we describe differential effects of HDAC inhibitors on myeloid progenitors during neutrophil development. Despite the published overlap in HDAC inhibitor specificity, we clearly demonstrate that these inhibitors have specific effects on CD34 + progenitor expansion and neutrophil development. Since the clinical use of HDAC inhibitors is increasing, it is important to define the effects of this family of compounds on the normal hematopoietic compartment. While results of phase I clinical trials with HDAC inhibitors suggest no unfavorable effects on the normal progenitor compartment, 24, 35, 37, 38 our data clearly show that both the choice and concentration of HDAC inhibitor can greatly affect the proliferative and differentiation capacity of CD34 + hematopoietic progenitor cells. Furthermore, our results suggest that these effects may be mediated by non-histone targets. Identification of these acetylated proteins may lead to the development of novel, more targeted therapies for the treatment of bone marrow failure and hematologic malignancies.
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The effects of HDAC inhibitors on myeloid development haematologica | 2010; 95(7) Figure 6 . Differential effects of HDAC inhibitor treatment on H3-and H4-acetylation. CD34 + cells were cultured in the presence of G-CSF to induce neutrophil differentiation. Cells were treated overnight with TSA (5-25 nM), SB (100-500 μM) or VPA (100-500 μM) at days 3 and day 7. Lysates were made and western blot analysis was performed with antibodies against acetylated lysines, acetylated H3K9 and acetylated H4K16. As a control for equal loading an antibody against total H3 and an antibody against tubulin was used (n=2) 
